The possibility of using two kinds of sorghum as raw materials in consolidated bioprocessing bioethanol production using Flammulina velutipes was investigated. Enzymatic saccharification of sweet sorghum was not as high as in brown mid-rib (bmr) mutated sorghum, but the amount of ethanol production was higher. Ethanol production from bmr mutated sorghum significantly increased when saccharification enzymes were added to the culture.
Plant cell walls are the most abundant source of biomass in the world. They are gaining increasing importance because of the worldwide attention that is now focused on bioethanol production in order to combat global warming and safeguard global energy. Due to competition between food and fuel production, lignocelluloses are expected to be utilized for fuel ethanol production in the future.
Sorghum is a C4 crop of the grass family belonging to the genus Sorghum bicolor L. It is well adapted to temperate climates and can be cultured from Kyushu to Tohoku area in Japan. The plant grows to a height from about 120 to above 400 cm, depending on the variety and growing conditions, and can be an annual or a short perennial crop. Sorghum is considered to be one of the most drought resistant agricultural crops, as it is able to remain dormant during the driest periods. 1) One of the biggest problems in ethanol production from lignocelluloses is the production cost. Consolidated bioprocessing (CBP) of lignocellulose to bioethanol involves a combination of four biological events (production of lignocellulose degrading enzymes, hydrolysis of the polysaccharides present in pretreated biomass, fermentation of hexose sugars, and fermentation of pentose sugars) using one reactor. CBP is gaining increasing recognition due to its potential for low-cost biomass processing. However, no natural microorganism exhibits all of the features required for CBP.
2)
The basidiomycete Flammulina velutipes is a whiterot fungus that grows from spring through late fall on a variety of hardwood tree stumps and dead stems, and it is widely distributed from temperate to subarctic zones. Currently F. velutipes is the main mushroom crop used in bed cultivation in Japan, with an annual production of 130,000 tons/year. Because basidiomycetes can completely break down lignin, 3, 4) they are considered the primary agents of plant litter decomposition in terrestrial ecosystems. 5) Furthermore, some basidiomycetes produce alcohol dehydrogenase, and hence can be used to make wine. 6, 7) These properties of basidiomycetes suggest that they might be suitable for CBP.
Because the use of basidiomycetes for bioethanol production is not common and the ethanol fermentation abilities of basidiomycetes are not well characterized, we evaluated the ability of F. velutipes in CBP using sorghum strains (SIL-05 and Kyushukou No. 4) as a raw material, and solid-state CBP of ground sorghum strains using F. velutipes was investigated. The possibility of sorghum strains as a raw material in the CBP ethanol production by F. velutipes is also discussed below.
We selected grinding for the pretreatment of sorghum strains. This can be used on both dry and wet materials, and the cost of grinding is one of the cheapest compared to other methods used for milling biomass. The grinding of sorghum was carried out with an ultra-fine friction grinder (Super Masscolloider; Masuko industries, Saitama). The grinder reduces 2-cm sorghum to a fine powder by mechanical shearing. In this device, the grinding takes place between rotating and stationary abrasive stones made of silicon carbide (SiC). The gap between the stones, of grit class 120, was adjusted to y To whom correspondence should be addressed. Fax: +81-29-838-7996; E-mail: sakaneko@affrc.go.jp Abbreviations: CBP, consolidated bioprocessing; bmr, brown mid-rib 160 mm. Grinding was performed at room temperature, and was repeated twice.
To examine the efficiency of grinding as a pretreatment, the degree of saccharification was tested using commercially available enzymes. A sample of 100 mg of ground sorghum was suspended to 5 ml of 50 mM sodium acetate buffer (pH 5.0) containing three kinds of enzymes (24 mg of Celluclast 1.5 L; 21 mg of Novozyme 188; 6.6 mg of Multifect xylanase) and incubated at 45 C. Celluclast 1.5 L and Novozyme 188 were purchased from Sigma (St. Louis, MO). Multifect xylanase was kindly provided by Genencor Kyowa (Tokyo). A 100-ml aliquot of the reaction solution was heated at 100 C for 10 min to inactivate the enzymes, and then centrifuged at 14,000 rpm for 10 min to remove insoluble materials. The amounts of glucose and pentose released from the ground sorghum were determined by the anthrone-sulfuric acid method 8) and the orcin-Fe 3þ -hydrochloric acid method 9) respectively.
The saccharification yields of SIL-05 and Kyushukou No. 4 by the enzymes were 30.1% and 51.7% respectively (Fig. 1A) . Kyushukou No. 4 is one of the sorghum brown mid-rib (bmr) mutants in which cafferic acid O-methyltransferase, a lignin biosynthetic enzyme, activity is reduced as compared to the wild type. 10) This property of bmr significantly affected the hydrolysis of polysaccharides in the biomass, but there were no significant differences in the proportions of hydrolysis of the components such as cellulose and hemicellulose (Fig. 1) . When the saccharification yields of cellulose and hemicelluloses were compared, degradation of hemicelluloses was slightly higher than for cellulose in both types of sorghum.
Next, solid-state ethanol fermentation by F. velutipes was performed for both sorghum strains. Solid-state fermentation is advantageous because it carries a low ethanol production cost. Generally, sorghums contain 70-80% water, corresponding to 43-25% w/v. These concentrations are necessary to obtain relatively high final ethanol concentrations. Furthermore, it is possible to reduce the costs of many procedures, such as amount of water, concentration of biomass, treatment of waste water, and so forth, if the water concentration of the raw materials in the all ethanol production procedures is retained. Before the experiment, to obtain a suitable strain for CBP, 10 of F. velutipes strains, culture stock of the Forest Institute of Toyama Prefectural Agricultural, Forestry, and Fisheries Research Center, were screened for cellulase production and ethanol fermentation. The Fv-1 strain was selected for further study because it not only produces high levels of cellulases, but also because its ability to ferment ethanol is superior to the other strains. Stock cultures of the Fv-1 strain were maintained on YMG agar (0.3% yeast extract, 0.3% polypepton, 0.3% malt extract, 1% glucose, 1.5% agar) plates incubated at 25 C and routinely subcultured every month. Mycelia were produced in medium containing the following: glucose, 1%; peptone, 1%; yeast extract, 1%; KH 2 PO 4 , 0.1%; MgSO 4 . 7H 2 O, 0.01%. Each 500-ml Erlenmeyer flask containing 200 ml of medium was inoculated by adding mycelial mat (8 pieces of approximately 1 cm 2 ) from actively growing parts of stock cultures. To obtain a homogeneous preparation of the mycelia, the cultures were homogenized with a laboratory homogenizer (Polytron; Kinematica, Kriens, Switzerland) at 1,500 rpm after inoculation. The inoculated flasks were continuously shaken on an orbital shaker at 120 rpm at 25 C. Mycelia of Fv-1 were harvested in the late exponential growth phase by centrifugation at 3;000 Â g and washed with sterile water. The prepared wet mycelia (20 mg of dry weight) were mixed with 100 mg of ground sorghum for solid-state fermentation.
A larger amount of ethanol was produced from SIL-05 than from Kyushukou No. 4 (Fig. 2) . Because SIL-05 contained a larger amount of soluble sugars than Kyushukou No. 4 (Table 1) , it should be advantageous for total ethanol fermentation. The ethanol conversion rates for the soluble sugars contained in SIL-05 and Kyushukou No. 4 were 57.2% and 38.9% respectively. The addition of saccharification enzymes was not effective for SIL-05 ( Fig. 2A ). This corresponded with the results of enzymatic hydrolysis (SIL-05 just hydrolyzed almost 30%) (Fig. 1) . However, the ethanol conversion rate for the degraded cellulose was 85.6%, significantly higher than that for soluble sugars. In contrast, although total ethanol production was not high, ethanol production from Kyushukou No. 4 significantly increased when saccharification enzymes were added to the culture (Fig. 2B) . Because the cellulose and hemicellulose in Kyushukou No. 4 were more easily hydrolyzed than SIL-05 by cellulases, significantly more ethanol was produced by the addition of the saccharification enzymes. The ethanol conversion rate for the degraded cellulose of Kyushukou No. 4 (98.3%) was A B much higher than that of SIL-05 (85.6%). Thus, the bmr mutation appears to be useful for CBP because it gives a high yield of glucose from biomass without acid or alkali pretreatment. However, the results indicate that the production of cellulases by F. velutipes is not sufficient for CBP, or that the saccharification enzymes are suppressed by carbon catabolites due to the existence of soluble sugars. Therefore, an effective saccharification enzyme inducing method for F. velutipes in the CBP is required.
In this work, we demonstrated CBP ethanol fermentation of sorghum strains by F. velutipes. The procedure is quite simple and cost effective, and can reduce energy consumption, because the raw material is simply ground and then mixed with mycelia. We demonstrated the merit of high concentrations of soluble sugars and the bmr mutation in sorghums. Both sorghum strains can be used in CBP. The bmr mutation is only used in sorghums, corn, and pearl millet, giving sorghum an advantage over many other crops for ethanol production. Future studies should focus on the improvement of CBP using F. velutipes and the selective breeding of novel types of sorghums with high concentrations of soluble sugars and the bmr mutation.
A B a The amount of hexose was determined by the anthrone-sulfuric acid method. b The amount of pentose was determined by the orcin-Fe 3þ -hydrochloric acid method. c All components except for sugars.
